Introduction
Most of steels contain some alloying elements in order to achieve the desired physical, mechanical and chemical properties of final products. The stainless steel is the most typical and valuable high alloyed steel. In the refining process of crude stainless steel, oxidation loss of Cr, which is the major alloying element for the stainless steel, could easily occur from metal to slag due to its less-noble nature. Since Cr is comparatively expensive material, it is very important to improve the yield of Cr in the stainless steel manufacturing. Thermodynamic information on the equilibrium between dissolved Cr and O in steel melt is the basic knowledge to control Cr content in the stainless steel. Due to such demands, a number of researches have been done in the past on the thermodynamic study in Fe-Cr-O system. Figure 1 reviews most of the available literature values on the relation between Cr and O dissolved in liquid iron in the vicinity of 1 873 K. 1, 3, 5, 6, 16, 19, 20, 25, 27, 31, 32) Solid lines in Fig. 1 denote the recommended values by the 19th Committee on Steelmaking, the Japan Society for the Promotion of Science (JSPS), at 1 873 K. 33) It is known that the liquid Fe-Cr alloy is in equilibrium with Cr 2 O 3 or FeO · Cr 2 O 3 depending on the Cr content in the metal. That is, two equilibrium reactions should be taken into account to understand the behavior of oxygen in liquid Fe-Cr alloy. (4) where, K, a and h denote the equilibrium constant, the Raoultian activity and the Henrian activity of component, respectively. The standard states of h Cr and h O in Eqs. (2) and (4) Equilibrium between Cr and O in the high Cr steel melt is one of the most important information to control Cr content in the stainless steel. In spite of such importance, there are some uncertainties in the literature values including the recommended values of the Japan Society for the Promotion of Science (JSPS) on deoxidation equilibrium constant and interaction parameters. The main reason of such uncertainties of the previous works is referred to the insufficient consideration on the thermodynamic properties of oxide phase in equilibrium with liquid Fe-Cr alloy. The present work deals with the equilibrium relation between dissolved Cr and O in liquid high Cr steel saturated with pure solid Cr 2 O 3 .
The equilibrium constant of reaction and the interaction parameter between Cr and O in liquid iron saturated with pure solid Cr 2 O 3 is given by the following equations in the present work. where, e and r denote the first and second order interaction parameters, respectively. Equation (5) is based on the results reported by Nakamura et al. 19 37, 38) and therefore the activities of the constituents in solid oxide phase would change with changing Cr content in liquid equilibrated iron phase as it will be discussed later.
Similar problem exists in the low Cr concentration range in liquid iron where FeO · Cr 2 O 3 is the equilibrium oxide phase. Equations (8) and (9) were reported values by Sakao and Sano. 6) As shown in Fig. 2 , FeO · Cr 2 O 3 has relatively wide solid solution range from almost stoichiometirc com- (6) and (9).
Furthermore, the critical Cr content at which the equilibrium oxide phase would change from Cr 2 O 3 to FeO · Cr 2 O 3 is not established yet up to now. JSPS evaluated this critical concentration as 3 mass% Cr, but no thermodynamic basis has been shown. In addition, some researchers 2,4-6,27,30) have pointed out that the equilibrium oxide phase at higher Cr content in liquid iron would be Cr 3 O 4 rather than Cr 2 O 3 .
Due to such uncertainties, more reliable thermodynamic information on Cr-O equilibrium in liquid iron is necessary for the precise control of Cr in liquid stainless steel processing. The objective of the present work is reassessment of the equilibrium between Cr and O in liquid iron at steelmaking temperature. As a first step, this paper deals with the equilibrium oxygen contents in liquid Fe-Cr alloy over the Cr concentration range from 7 to 46 mass% Cr on the condition of pure solid Cr 2 O 3 saturation.
Estimation on the Stable Region of Pure Solid Cr 2 O 3
The JSPS proposed the critical Cr content as 3 mass% in liquid iron at which stable oxide phase changes from FeO · Cr 2 O 3 to Cr 2 O 3 . That is, Cr 2 O 3 is stable at the higher Cr content in metal than 3 mass% while FeO · Cr 2 O 3 is in equilibrium with liquid iron at lower Cr content than 3 mass%. However, the reported critical Cr content has large scattering from 3 to 9 mass% among previous researchers. 1, 3, 5, 6, 16, 19, 20, 25, 27, 31, 32) There is also another uncertainty on the formation of Cr 3 O 4 at higher Cr content. [40] [41] [42] In order to estimate the stable region of pure solid Cr 2 Combination of Eqs. (10) to (13) with the conversion of the standard states of Fe and Cr activities from solid to liquid 44) give Eqs. (14) and (15 
Experimental
Experimental equipment and procedure are essentially the same with that of our earlier work on the Mn-O equilibrium in liquid iron saturated with MnO. 46 ) Figure 3 shows the schematic diagram of the experimental apparatus. Experiments were conducted by a sampling technique. A Cr 2 O 3 crucible charged with approximately 70 g of premelted Fe-Cr alloy was set in a MgO outer crucible in an induction furnace and the metal was melted under purified Ar at-mosphere. Cr 2 O 3 crucibles were manufactured in our laboratory from the reagent grade of Cr 2 O 3 powder by a rubber press and sintering at 1 873 K for 6 hr in air. The space between the MgO outer crucible and Cr 2 O 3 crucible was filled with pure Cr 2 O 3 powder in order to avoid the dissolution of MgO into Cr 2 O 3 crucible. The metal specimen was melted during a given period at the aimed constant temperatures of 1 823, 1 873 or 1 923 K. Temperature measurement was conducted by the infrared radiation pyrometer, which was calibrated by the melting points of Fe and Cu. Then, the approximately 6g of metal sample was taken and quenched in water by suction with a quartz tube. Figure 4 shows that the both Cr and O content reached the equilibrium values after 60 min holding at a constant temperature, so that the metal specimen was held for 90 min in the all of the experiments. The concentrations of Cr and O in the quenched samples were determined by an inert gas impulse infrared absorption spectroscopy (LECO) and a high-frequency induction coupled plasma spectroscopy (ICP), respectively. In some cases, cross section of Cr 2 O 3 crucible was analyzed by EPMA and XRD.
Experimental Results
Experimental results are listed in Where, cross product term of r i j,i is ignored in the present work. As it was indicated in Eq. (17), the liquid Fe-Cr binary system would be close to an ideal solution. JSPS 33) has recommended very small value of e Cr Cr ϭϪ0.0003 at 1 873 K. This value has negligibly small contribution to the present experimental results. Therefore, the parameters of e The experimental results shown in Fig. 5 are rearranged by Eq. (27) and represented in Fig. 6 where the left hand side of Eq. (27) and (3[%Cr] ϩ6.50 [%O] ) are taken as Y and X axes. Good linear relation is observed at each temperature as shown in Fig. 6 , and it indicates that Eq. (27) can express the equilibrium relation between Cr and O up to 46 mass% of Cr in liquid iron at Cr 2 O 3 saturation and the second order interaction parameters such as r O Cr would be unnecessary. The JSPS's recommended value at each temperature is also drawn as dotted line in Fig. 6 , and it shows the downward deviation from the linear relation at higher Cr content. This deviation is caused by the effect of the second order interaction parameter r O Cr which has been proposed by Nakamura et al. 19) and Nakamura and Uchimura 25) and been adopted as JSPS' recommended values. In the experiment of Nakamura et al., the crucible material such as Al 2 Regression analysis for the present experimental data at each temperature yields the equilibrium constant log K 1 from the intercept on Y axis and the interaction parameter e O Cr from the slope of each straight line in Fig. 6 . The temperature functions of log K 1 and e O Cr determined in the present work are given by Eqs. (28) (29) Equations (28) and (29) are compared with the literature values in Figs. 7 and 8 . The equilibrium constant determined in the present work differs from most of the literature values [1] [2] [3] 19, 26, 27, 32) and is close to the results of Heinz et al., 31) while the temperature dependency is slightly different each other. On the other hand, the literature values on the interaction parameter show wide scattering from Ϫ0.03 to Ϫ0.055 in the vicinity of steelmaking temperature. The result of the present work shows considerable disagreement with other literature values 8, [11] [12] [13] 15, 16, [18] [19] [20] 25, [27] [28] [29] 31, 32) but is close to the reported ones by Buzek et al. 22, 24) 
Re-evaluation on Cr-O Equilibrium in Other
Literature Deoxidation product of liquid Fe-Cr alloy is given by Eq. (30) which can be derived from the combination of Eqs. (27) to (29) Fig. 9 together with ones observed by them. As expected, the predicted Cr and O relation reasonably fits the observed ones in higher Cr content region in liquid iron at each temperature, and it indicates that their results can be well explained by the thermodynamic values derived in the present work if the activity of Cr 2 O 3 in oxide phase is taken into account. It is, however, seen from Fig. 9 that equilibrium oxygen content observed by Nakamura and Uchimura tends to be lower than the predicted Cr-O relation at the higher temperature and lower Cr content. Such deviation would be due to furthermore decrease of Cr 2 
Conclusions
The equilibrium relation between dissolved Cr and O in liquid iron saturated with solid Cr 2 O 3 was observed at the temperature from 1 823 to 1 923 K in the concentration of 7 to 46 mass% Cr. The following conclusions were obtained.
The equilibrium constant of reaction and the interaction parameter between Cr and O in liquid iron is given by the following equations. The activities of Cr and O can be expressed by above thermodynamic functions without the second order interaction parameter.
The present oxygen content equilibrated with Cr in liquid iron under the presence of pure solid Cr 2 O 3 is 0.01 to 0.03 mass% higher than the recommended value by JSPS. Such discrepancy could be attributed to the decrease of the activity of Cr 2 O 3 in Nakamura and Uchimura's work which is the origin of JSPS recommended value for Cr-O equilibrium in liquid iron.
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